The corpus callosum establishes the anatomical continuity between the 2 hemispheres and coordinates their activity. Using histological tracing, single axon reconstructions, and diffusion tractography, we describe a callosal projection to n caudatus and putamen in monkeys and humans. In both species, the origin of this projection is more restricted than that of the ipsilateral projection. In monkeys, it consists of thin axons (0.4-0.6 µm), appropriate for spatial and temporal dispersion of subliminal inputs. For prefrontal cortex, contralateral minus ipsilateral delays to striatum calculated from axon diameters and conduction distance are <2 ms in the monkey and, by extrapolation, <4 ms in humans. This delay corresponds to the performance in Poffenberger's paradigm, a classical attempt to estimate central conduction delays, with a neuropsychological task. In both species, callosal cortico-striatal projections originate from prefrontal, premotor, and motor areas. In humans, we discovered a new projection originating from superior parietal lobule, supramarginal, and superior temporal gyrus, regions engaged in language processing. This projection crosses in the isthmus the lesion of which was reported to dissociate syntax and prosody. The projection might originate from an overproduction of callosal projections in development, differentially pruned depending on species.
Introduction (Lévy-Valensi 1910) . The controversy was mainly based on the identification of degenerating fibers in animals, including cats, dogs, and monkey, and in humans. The work of Lévy-Valensi (1910) in the monkey rejected this view. Accordingly, the behavioral or cognitive consequences of lesions of the CC are usually ascribed to the disconnection of cortical areas of the 2 hemispheres. This restrictive view of interhemispheric connections is incorrect. Künzle (1975) described a bilateral projection to the striatum following injections of anterogradely transported radioactive leucine and proline in motor cortex (area 4) in Macaca fascicularis. Jones et al. (1977) , in Saimiri sciureus, described a crossed cortico-striatal projection following injections of the retrograde tracer horse radish peroxidase (HRP) in putamen and the head of n caudatus. McGuire et al. (1991) described, in the rhesus monkey, a crossed projection to n caudatus and putamen from prefrontal cortex and the supplementary motor area (SMA). The existence of crossed cortico-striatal projections is well documented in the rodents (Carman et al. 1965; Wilson 1987; Morishima and Kawaguchi 2006; Alloway et al. 2009; Shepherd 2013 ) but somewhat neglected in primates (Lieu and Subramanian 2012) . Given the current enhanced interest in the striatal and corticostriatal functions (Kress et al. 2013; Smith and Graybiel 2013; Stephenson-Jones et al. 2013; Znamenskiy and Zador 2013; Reig and Silberberg 2014 ) also related to their role in psychosis (Koch et al. 2014; Burguière et al. 2014; Nakamae et al. 2014) , we reinvestigated the crossed cortico-striatal connections using modern histological tract tracing in the monkey as well as diffusion tractography (DT) in monkeys and human. We describe a robust decussating callosal projection to the n caudatus and putamen, originating from prefrontal, premotor, and motor areas. Conduction delays generated by this connection might explain the crossed-uncrossed differential delays measured in a behavioral task. Interestingly, in humans, but not in monkeys, this projection seems to originate also from more caudal areas, involved in language.
Materials and Methods

Histology
Animals and Acquisition Three adult male macaque monkeys (Macaca fascicularis, body weight: 4-6 kg) were used, 2 of them (CC2 and CC3) from the animal facility of the Department of Physiology and Pharmacology of the University of Rome SAPIENZA. The third (M93-80) from the Cognition Center, University of Fribourg, was a male of 4 years of age (4.5 kg body weight). Other connections of the first 2 monkeys were published (Caminiti et al. 2009; Tomasi et al. 2012; Innocenti et al. 2013 ) and the methods reported therein. Briefly, surgery was performed by a professional human neurosurgeon under strict sterile conditions. Animals were preanesthetized with ketamine (10 mg/kg, i.m.) and anesthetized with isoflurane (Abbott) through a constant flow of a mixture of isoflurane/air. During surgery, pain was also prevented through a constant rate infusion (CRI) of fentanyl (6 µg/kg/h). Each animals received three 0.3-0.5 μL injections of BDA MW 10 000 (10% in 0.01 M phosphate buffer) at cortical locations (see Supplementary Fig. 1 ) through a 5 μL Hamilton microsyringe (# 85) with a sharp needle (P/N: 7803-05/00). After 17 days of survival, the monkeys were deeply anesthetized with ketamine (5-10 mg/kg, i.m.) and metomidine (30 μg/kg, i.m) and perfused transcardially with isotonic saline followed by 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS). Animal surgery, pre-and postoperative care were according to Italian (DL.vo 116/92) and European (Directive 86-609; directive 63-210) guidelines for animal experimentation on primates. The brains were postfixed overnight in the same solution, cryoprotected by immersion in 30% sucrose in PBS, and sectioned frozen on the coronal plane, except for the CC of the injected hemisphere, which was cut sagittally. Section thickness was 34 μm. Sections were reacted for BDA, and alternated sections were counterstained with cresyl violet or with the Gallyas method for myelin as in Caminiti et al. (2009) .
Data Analysis
All analyses were performed with the Neurolucida 7 software (MBF Biosciences, Williston, VT) and a digital camera-mounted Olympus BX51 microscope. The distribution of axons labeled with BDA was initially charted at ×260 magnification on coronal sections, and the borders of the terminal territories of the axons were traced in consecutive sections. Axon diameters were subsequently measured at ×2900. Axons directed to the n caudatus or to the putamen were sampled at the periphery of the nuclei. Only axonal segments crossing the border of the nuclei or aimed at this border and terminating within 10 μm from the borders were taken. Axons' profiles were approximated to circles whose size was incremented in 0.09 μm steps. The consistency of measurement was previously tested by repeated measurements at 1-year interval (Tomasi et al. 2012) . No correction for shrinkage was applied to the measurements. Since the same shrinkage should apply to the radial dimension of the axon and to its length, this would not affect the conduction delays estimates (below). Nevertheless if the conduction velocity of the axons should be inferred from these data, correction for the shrinkage should be applied. The shrinkage of the BDA material was previously estimated to be about 30% in the monkey .
Both the linear and the curvilinear distances between the site of injection and those of termination were measured (Tables 1  and 2 ). The first (not shown) was the distance between the section containing the center of injection and that containing the bulk of axon terminals. The second was the length of the pathway reconstructed with the Neurolucida software from the center of injection (in layers 3-4) to the target, by following the trajectory of the bulk of axons in serial sections. The curvilinear distance was adjusted by stretching the Z values of the histological section back to 34 µm, corresponding to section thickness at cutting. Conduction velocity of the axon was estimated from the formula: et al. 2009) , with g being the ratio between axoplasm d and fiber diameter d inclusive of the myelin sheath, with g set at 0.7. Conduction delay was estimated as:
To evaluate statistical differences in axonal diameters and conduction delays, we applied nonparametric statistics (MannWhitney test, P < 0.05), since the distribution of samples is not normally distributed.
Diffusion Tractography
Subjects One perfusion-fixed healthy adult vervet monkey brain (Chlorocebus sabeus) and 1 macaque (Macaca fascicularis) were used for this study. The first animal was obtained from the Behavioral Science Foundation, St Kitts and was socially housed in enriched environments. The experimental protocol was reviewed and approved by the Institutional Review Board of the Behavioral Science Foundation acting under the auspices of the Canadian Council on Animal Care. The second animal was from the Department of Physiology and Pharmacology of the University of Rome SAPIENZA.
Six healthy right-handed young human adults (3 females; age range = 20-27 years) were studied. All participants gave oral and written consent, and the study was approved by the Ethical Committees of the Capital Region of Denmark (H-1-2013-007) .
MRI Acquisition and Processing
The monkey magnetic resonance (MRI) datasets were acquired with a 4.7 Tesla Agilent MRI scanner using quadrature RF volume coil (Rapid) and maximum gradient strength of 600 mT/m. The setup followed the preparation stages in Dyrby et al. (2011) where free fixative was washed out to increase T 2 -relaxation using PBS. The brain was placed in a sealed plastic bag with minimal PBS surrounding the brain tissue. Before scanning, the brain was stabilized to room temperature, and placed in the middle of the volume coil using a mechanically stable setup. While scanning, a conditioned flow of air around the fixed brain ensured constant temperature. A diffusion weighted imaging (DWI) prescan of at least 6 h ensured removal of any short-term mechanic instabilities Human DWI datasets were corrected for subject head motion, eddy currents, and susceptibility distortions using FSL's Topup and Eddy (Andersson et al. 2003; Smith et al. 2004 ). The correction transformations were applied and images were resliced using 3rd order spline interpolation as implemented in FSL.
Probabilistic Tractography
For probabilistic tractography, the corrected human and ex vivo monkey DWI datasets were processed in similar ways using the MRtrix package (http://www.brain.org.au/software/, version 0.2.12, revision 410) (Smith et al. 2004) . Constrained Spherical Deconvolution (CSD) with a maximum harmonic order of 8 was used for voxel-wise estimation of the fiber orientation distribution (FOD). Unidirectional probabilistic FOD-based tractography from a seed ROI was performed using MRtrix's streamtrack function. Standard parameters were used except that the FOD amplitude threshold was 0.05 and minimum curvature radius was 0.5 and 1 mm for monkey and human, respectively. The latter ensured the projection of streamlines initiating within gray matter seed ROIs. For all human experiments, 1 million streamlines were initiated (however, not all streamlines were accepted, see below), and for the monkey experiments, the number of accepted streamlines was set to 5000.
Cortico-striatal projections were obtained by seeding tractography from delineated putamen and n caudatus ROIs in, respectively, the right and left hemisphere. The seed ROIs n caudatus and putamen were in the monkey dataset manually drawn on T 2 -weighted MRI. In the human datasets, they were automatically delineated from the T 1 -weighted MRI using FSL's FIRST method for segmenting subcortical gray matter structures (Patenaude et al. 2011 ) (http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/first/ index.html). The segmented putamen and n caudatus ROIs were then manually edited to ensure that the ROIs did not include surrounding white matter. The n caudatus and putamen ROIs were then transformed into the subject's diffusion space by rigidly aligning the T 1 -weighted image to the first corrected b = 0 s/mm 2 image and applying the transformation to the n caudatus and putamen ROIs.
To constrain tractography to ipsilateral or contralateral cortico-striatal projections, 3 ROIs were manually drawn on the midsagittal slice in the human and the monkey datasets. One ROI included the mid-sagittal corpus callosum (mid-CC), which was used as exclusive or inclusive for obtaining ipsi-or contralateral cortico-striatal projections, respectively. Streamlines reaching exclusive ROIs were eliminated for further analysis, while inclusion ROIs are used to ensure that streamlines must pass though this ROI. The second ROI was used as an exclusive ROI and included the lower part of the mid-sagittal brain from beneath the mid-CC ROI for excluding those streamlines crossing this region. The third ROI included the area from above the mid-CC ROI and was used to stop streamlines from crossing the hemispheres (but still include them in the analysis). Finally, an exclusive ROI covering the brain stem region was manually drawn and used to exclude non-cortico-striatal streamlines. The exclusive ROI included also parts of the fornix, thalamus, and the cingulum bundle in both hemispheres to avoid inclusion of their nonrelated projections. The ROIs were drawn using Fslview (http://fsl. fmrib.ox.ac.uk/fsl/fslview).
In the human, similar ROIs were drawn, and in addition, right and left cortical gray matter ROIs were used to stop streamlines when reaching cortical gray matter. These mask were generated with FreeSurfer (http://freesurfer.net) using the subjects' T 1 -weighted images. In addition, ROIs including the brain stem, thalamus, and lateral ventricles (extracted using FSL's FIRST as described above) were excluded for further analysis.
Results
Histological Findings in Macaque Monkey
The Callosal Tract to the Contralateral Striatum Callosal projections to the striatum originate in the case CCT2 from the prefrontal (area 9), premotor (area 6, F7), and primary motor (area 4) cortex (see Supplementary Fig. 1 ). In CCT3, they originate from prefrontal cortex at the border between areas 9 and 46 and in ventral premotor cortex area 6 (F4). In this animal area 2 was also injected.
The axons cross the midline in 3 anteroposterior separate bundles reflecting the anteroposterior location of the injections and the corresponding topography of callosal connections documented among others by Tomasi et al. 2012 (see their Supplementary Fig. 2 ). Each bundle contains both cortico-cortical and cortico-striatal axons (Fig. 1) . The cortico-striatal axons from area 9 or 9/46 separate from cortico-cortical axons within a few mm from their exit from the CC, on the dorsal aspect of n caudatus from where most of them enter this structure, while a few fibers, enter ventrally. The axonal bundles travel on the dorsal aspect of the n caudatus and extend ventrally, in the external capsule, toward the putamen. At each rostro-caudal level, the axons are sparse. Axons from area 6 (F7 or F4) travel as those from area 9, but at more caudal levels. At these levels, the putamen has grown in size, and more axons are directed to this structure. The trajectory of axons from area 4 resembles that from area 6 but an even larger fraction of them reaches the putamen. At all levels, the axons approach the putamen mainly from its lateral aspect although a few axons, interspersed within the terminations and hence difficult to follow, might cross from the n caudatus to putamen along the bridges of gray matter that connect the 2 structures. The axons from area 2, unlike those from F4, do not reach the striatum; they stream dorsal to the caudo-putamen (see Supplementary Fig. 2 ). Cortical projections to contralateral striatum in experiment CCT2. Drawings of BDA-labeled projections from contralateral area 9 (A), area 6 (B), and area 4 (C) at rostral (A) to caudal (C) levels in striatum, roughly corresponding to interaural levels 29, 24, and 15 in Paxinos et al. (2000) . Each section shows, in the same colors, the outlines of the section, of n caudatus (cau) and putamen ( put), segments of axons exiting the CC (CC) and, with thicker outlines, the bulk of their terminal territories.
White matter (wm) spaces between n caudatus and putamen are marked by asterisks. Calibration is 1000 µm. The sequential rostral-to-caudal order of section is in A: red, blue, and yellow; in B: red and white; in C: white, green, and red (all spaced 340 µm apart). Top is up, medial to the right. Calibration is 1000 µm. Notice that the projection separates from the callosal stream of axons within a few millimeter from the midline, on the dorsal aspect of the striatum. The terminal territory at all levels consists of patches aligned dorsomedially to ventrolaterally in a discontinuous "columnar" way from caudate to putamen (core projection) and of patches near the contours of striatum (shell projection).
The Termination of the Interhemispheric Cortico-striatal Projection Most of the axons entering caudo-putamen are sparse and fine. Some of them may be collaterals of axons which continue to terminate in the claustrum. Axons terminate in the gray matter of both n caudatus and putamen as well as in the bridges of gray matter which connect the 2 across the internal capsule ( Fig. 2 and below).
The projection (Fig. 1) terminates in the n caudatus, anteriorly, and progressively moves more laterally and ventrally at more posterior levels. The pattern of termination differs in the n caudatus and in putamen. In n caudatus, axons terminate in multiple clusters whose peripheries can merge. At more posterior levels, the axons converge into the gray matter bridges which also contain axons coursing between n caudatus and putamen. In putamen, axons terminate in 2 ways, on the dorsal and lateral surface of the nucleus, in patches consisting of thin discrete layers (shell projection), and at more central, locations, (core projection) consisting of multiple clusters. At the most posterior levels, these clusters become dorsomedially to ventrolaterally oriented patchy "columns," continuous with the gray matter bridges.
Since the axonal trajectories to and within the striatum might be rather complicated, to avoid the possibility that the terminal territories in the experiment CCT2 might have been the result of convergence of axons originating in area 9, 6, and 4, we charted the axonal distribution in the case M93-80 which had received injections in area 4, in the hand representation. The axonal trajectories and distribution of terminal territory correspond well to those illustrated in Figure 1C .
Comparison of Interhemispheric and Ipsilateral Projections
The ipsilateral projection to the caudo-putamen (Fig. 3) separates from the main axonal bundle originating at the injection where the axons to the CC turn medially. From here, 2 axonal tracts originate. One enters the head of n caudatus dorsally and laterally; the other travels laterally and ventrally, in the external capsule, toward the putamen and claustrum but along its trajectory gives rise to a massive projection to the internal capsule. Such a projection is absent in the contralateral hemisphere. Otherwise, the ipsi-and contralateral projections are essentially mirror symmetric. As for the contralateral projection, the axons are thin or very thin .
Cortico-cortical callosal projections often terminate in specific subregions of an area. These include the representation the vertical meridian of the visual field, that of the body midlines or the representation of parts that cooperate during bimanual exploration, such as thumb, index, and middle finger of the hand. Similar principles may apply to the crossed cortico-striatal projections. Indeed, the terminal territory of the ipsilateral projection occupies wider portions of the n caudatus and putamen (cf. Fig. 1B,C with Fig. 3A ,B) and persist in n caudatus at more caudal levels than the contralateral projections (cf. Fig. 1C with Fig. 3C ). Otherwise, the distinctive features of the 2 projections are the same. Namely, the access to the structures is similar. In putamen, the projection consists of a central patchy core and a patchy shell, and the central core of the projection is continuous with that of the n caudatus through the gray matter bridges which interconnect the 2.
Analysis of Individual Axons
Five axons from the bundle of prefrontal cortex origin were reconstructed from serial sections. The reconstructions are extremely time consuming and therefore started near the entrance into the striatum.
Two axons (ax 1; Fig. 4A ,C, and ax 5, not shown) entered the lateral surface of putamen; the others (ax 2 and 3; Fig. 4B ,D,E and ax 3, not shown) entered the ventral/lateral aspect of n caudatus; all had long intrastriatal trajectories. The total arbor of these axons was between 3.5 and 21 mm, the main part of which was due to the long trajectory of the axon within the striatum, rather than to the branches. The axons had several features in common. They distributed a rather simple terminal arbor, but, along their striatal trajectory they projected a number of small branches and carried several swellings, some of which may be passing boutons. This suggests that the projection has a modulatory rather than a powerful driving action on striatal neurons in line with previously proposed concepts (Tettoni et al. 1998 ).
Diameter of Axons and Conduction Delays
Four hundred sixty-four CC axons were measured at their entrance into the n caudatus or the putamen (Table 1) . Of these, 169 axons originated from prefrontal cortex and entered the rostral pole of the n caudatus. Other axons originated from the bundle issued from premotor cortex and entered the n caudatus (93 axons) or the putamen (104). In addition, 98 axons originated from motor cortex and entered the putamen. The axon diameters ranged on average between 0.43 and 0.54 µm with the thinnest axons being in the order of 0.22 µm and the thickest 3.7 µm. No differences were found between the axons originating from prefrontal cortex and going to n caudatus and those originating from premotor cortex and directed to n caudatus or putamen. Instead, the axons from motor cortex area 4 to the putamen were significantly thinner (<0.005) than those to the same structure but originating from premotor cortex (Wilcoxon-Mann Whitney test).
The length of the pathways leading to the different structures ranged between 6863 µm from the CC midline to the caudatus for axons of prefrontal origin and 14 855 µm for axons from motor cortex to the more lateral part of putamen. The total distance from the prefrontal cortex to the contralateral n caudatus can be estimated to be 6863 + 13 442 µm to the callosal midline and that from the motor cortex to the lateral putamen 14 855 + 16 902 µm (Tomasi et al. 2012 ). The corresponding pathway length for the ipsilateral projections from area 9 to the n caudatus is 10 586 µm ; Table 2 ).
The calculated conduction delays in these projections range between 4.6 ms from premotor cortex to n caudatus and 9.2 ms from motor cortex area 4 to the distal entrance in putamen (Table 1) . To these delays, one should add those generated by intranuclear trajectories, which vary across axons.
The ipsilateral and contralateral cortical projections to monkey striatum are summarized in Figure 5 where differences between monkey and humans are also mentioned.
It is interesting to compare the computed delays from the injection sides to the ipsilateral and contralateral striatum and to extrapolate the findings to the human brain. In the monkey, the delays from prefrontal cortex are 3.4 ms for the ipsilateral (Innocenti et al. 2013) and 5.1 ms for the contralateral projection to n caudatus (this paper). By taking into account an increase in axon diameters in humans in the order of 30% (compatible with macaque/human comparative data; Caminiti et al. 2009 ) and of conduction distance proportional to the cubic route of brain volumes, validated by DT tracing (Caminiti et al. 2009 ) the ipsi-and contra-calculated values in humans are 6.6 and 9.9 ms ( Table 2 ). This means an average difference of 3.3 ms between the ipsilateral and the contralateral projection.
Tractography
The Callosal Projection to Contralateral Striatum in Macaque and Vervet Monkeys Tractography in the 2 ex vivo monkeys was compared with the anatomical results. An attempt to seed the projection from the cerebral cortex produced ambiguous results due to the difficulties in tracking the relatively few axons originating in each area among the other subcortical axonal systems. However, since diffusion MRI is bidirectional, projections could be traced from seeds placed into the head of n caudatus and in putamen (below). Projections to the striatum could also be traced from the anterior sectors of the CC (see Supplementary Fig. 3 ). Consistent with anatomical data, streamlines (defined in Discussion) from the CC reach the n caudatus and then some continue to the putamen which they reach dorsally as well as laterally. Some streamlines proceed from caudatus to putamen along the bridges of gray matter which connect the two.
More informative, because complementary to the histological data, was the tracking from seeds placed in the head of n caudatus and in putamen (Fig. 6) . From both hemispheres, streamlines could be tracked to the cerebral cortex with a prevalence for the prefrontal and premotor cortex for seeds placed in the n caudatus and for the motor cortex for seeds placed in the putamen (Fig. 6) . Streamlines from the basal ganglia reached all the tracer-injected areas, that is, area 9 and 9/46, F7, F4, and area 4. They were not restricted to these areas; they also reached area 8, the other subdivisions of premotor cortex (F2 and F5) , as well as the cortex in Figure 3 . Cortical projections to ipsilateral striatum in experiment CCT2. Drawings of BDA-labeled projections from ipsilateral area 9 (A), area 6 (B), and area 4 (C) to n caudatus (cau), putamen ( put), and internal capsule (ic) in color-coded sequential sections as in Fig. 1 . The sequential rostral-to-caudal order of section is A, white, green, and red; in B, green, white, and red; in C, green, red, and white. Sections are spaced 408 µm apart in A and B, 680 µm in C. Levels of section in A and B correspond to B and C in Figure 1 . C is more caudal, roughly corresponding to interaural level 12 in Paxinos et al. (2000) . Top is up, medial to the left. Calibration is 1000 µm. Notice that the terminal territory consists of core and a shell projection as the contralateral projection, but it occupies a wider portion of the striatum and it reaches more rostral levels. A substantial stream of axons enters the internal capsule. the frontoparietal operculum, hence presumably, areas 3a and, with a few stream lines, the cortex in the superior temporal gyrus. A few streamlines also reach the superior and inferior parietal lobules. The highest density of streamlines reaches the premotor subdivisions of area 6, and area 8, followed by the prefrontal cortex, the frontoparietal opercula, the motor cortex, and finally the temporal and parietal areas. These projections were found in both the macaque and the vervet brain, but with some differences. In the vervet, streamlines clearly reach the post central gyrus at locations corresponding to areas 1 and 2 (Fig. 6H) while this is less clear in the macaque (Fig. 6D) . Also, in the vervet, not in the macaque, streamlines reach the location of SMA. Notice, however, that the mean fractional anisotropy (FA) across mid-sagittal CC, possibly due to fixation and/or tissue quality differences, is slightly lower in macaque (0.57) than in vervet (0.61) which might increase tracking uncertainty in the macaque. Furthermore, since we only used 1 animal per species, we cannot rule out the existence of small within species differences.
As expected from the anatomical and tractography literature, the ipsilateral projections have a broader anteroposterior distribution. In monkey, they extend as far back as the occipital pole (see Supplementary Fig. 4 ). They are also denser. We found a general difference of about a factor of 50 in the number of streamlines reaching the ipsilateral versus the contralateral hemisphere. 
The Callosal Projection to Contralateral Striatum in Humans
Contralateral projections to the striatum were tracked in 6 human subjects from seeds in the n caudatus and in putamen, and the projections resemble those in the monkey. Namely the connections were mainly with the prefrontal and frontal areas of the contralateral hemispheres, including the presumptive (Sallet et al. 2013 ) human equivalent of area 9, premotor area 6 and SMA, and primary motor cortex area 4. No projections crossing in the genu nor the trunk of the CC reached the postcentral gyrus (Fig. 6) .
In humans, the striatal connections are densest with the precentral gyrus, hence, presumably with primary motor cortex. Also, projections traveling through the anterior two-thirds of the CC are mainly with areas on the dorsal-lateral convexity of the hemisphere while in the monkey some streamlines extend to the frontal operculum and below to the temporal cortex.
Interestingly, in all the human cases, unlike in the monkey, a projection, mainly to putamen, was also observed, crossing through the isthmus and anterior splenium of the CC (Figs 7-9) . To challenge the existence of such a contralateral projection, we used the same setup but only included streamlines projecting through isthmus (Fig. 8 ). This visualized a sparse projection emanating from a rather medial caudo-putamen location that via external capsule follows the inferior frontooccipital fasciculus (IFOF) and separates in the temporal white matter projecting directly toward the CC. Streamlines connect to the superior parietal lobule, the supramarginal gyrus, the superior temporal gyrus (Figs 8 and 9 ), all regions engaged in language processing (Discussion), as well as to the paracentral lobule and the most dorsal part of the postcentral gyrus, close to the border with the superior parietal lobule (Figs 8 and 9 ). This projection was found in all humans in both hemispheres.
There are individual differences in the human DT results. The number of streamlines (Fig. 10) varies across subjects but within each subject the highest density of streamlines connect to the superior and middle frontal gyri particularly in their posterior portion, corresponding to premotor cortex, followed by the precentral gyrus and then unexpectedly, the superior parietal and marginal gyri and the inferior frontal gyrus. Fewer streamlines connect to the superior temporal gyrus and to the postcentral gyrus.
Discussion
The 2 methodologies used in this study, the anterograde transport of BDA and DT, provided new and complementary information along the lines discussed by Jbabdi et al. (2015) . The highresolution tracing with BDA allowed the characterization of the axons involved in the projection and prompted hypotheses on the computations performed by the projections in the temporal domain. The extrapolation of DT data from the monkey to the human brain identified new and important species differences which might be implemented by different developmental trajectories adjusted to the emergence of language in humans.
BDA Tracing
The BDA tracing identified the course taken by individual axons from selected cortical sites to and into n caudatus and putamen, and it delineated the terminal territory of the projections. Our results confirm and extend earlier work based on anterograde degeneration methods (Kemp and Powell 1970; Fallon and Ziegler 1979) , and anterograde transport of radioactive aminoacids (Kün-zle 1975; McGuire et al. 1991) in that the contralateral projection reaches both the n caudatus and putamen, where it terminates in a patchy manner. We also see (c.f. Figs 1 and 3 ) a stronger and more widely distributed ipsilateral than contralateral projection.
The cells of origin of the crossed cortico-striatal projection in areas 8 and 6 (Jones et al. 1977) are small or medium size (on average 14.6 µm in diameter) pyramids, and this is compatible with the small diameter of the descending axons originating in prefrontal and premotor area in our study (around 0.5 µm) and with the previously reported linear relation between axon and soma diameters in the callosal projection of the monkey (Tomasi et al. 2012) . The small diameter of the cortico-striatal projecting neurons in comparison with those of other descending projection was taken to mean that the projection originates from a specific neuronal population and not as collaterals of other descending projections. We have argued along similar lines concerning the ipsilateral cortico-striatal projection . In rodents, the situation appears to favor the collateralization hypothesis although quantitative data seem to be missing. Nevertheless, we cannot exclude that some of the finest cortico-striatal axons we have measured might indeed be collateral of other descending projections. These conclusions are on line with a recent review striatal connections (Parent and Parent 2016) .
The single axons reconstructed resemble those from motor cortex traced by Parent and Parent (2006) . The axons show a very circumscribed terminal arbor and distribute both terminal boutons and varicosities which may represent passing synapses over long intrastriatal trajectories. This suggests that the projection has a spatially distributed, modulatory rather than powerfully driving action on striatal neurons in line with previously proposed concepts (Tettoni et al. 1998) .
Since BDA tracing allowed to estimate the diameter and length of the axons, the conduction velocities and delays they generate can be calculated (Caminiti et al. 2009; Tomasi et al. 2012; Innocenti et al. 2013) . Comparing the delays in the ipsilateral versus contralateral cortico-striatal projection might provide an answer to the question: "why a cortico-striatal callosal projection?" also raised by McGuire et al. (1991) . The anterior portion of the striatum, connected with prefrontal and premotor structures, is activated bilaterally during the acquisition of unilateral motor tasks, while the posterior part, involved in sensorimotor functions, is activated at advanced stages of learning (Lehéricy et al. 2005) . The learning and execution of movements might require the temporal coordination, with minimal delays between the hemispheres that the bilateral projection affords. Numerous studies have measured the delays caused by interhemispheric transmission using the so-called Poffenberger's paradigm, that is, the latency difference of hand responses to visual stimuli presented to the contralateral versus the ipsilateral hand-controlling hemisphere (reviewed in Marzi 2010). This latency difference has been interpreted as a measure of cortico-cortical transmission delay through the CC. It is important to stress that this paradigm is the only attempt, we know, to assess cortico-cortical delays by a neuropsychological test. One difficulty with the above interpretation is that the contra-ipsi latency difference is shorter than the conduction delays between cortical areas of the 2 hemispheres measured electrophysiologically or calculated from anatomical data (Tomasi et al. 2012 ). The differences in the Poffenberger's paradigm are in the order of 3-5 ms (but can be as low as 2.65 ms) (Westerhausen et al. 2006; Florio et al. 2013 ) while the cortico-cortical delay calculated from anatomical data is in the order of 10 ms for the in A and E streamlines to areas 9, 9/46D, 46D, 46 V,9/46 V (and 47L ?) . In B,F, streamlines to area 6DR (F7), 8, and 6VR (F5) . In C,G, streamlines to rostral most area 4 and to area 3. In D,H, streamlines to areas 1 and 2 in vervet. In B,F,G, a few streamlines reach anterior temporal cortex. Principal sulcus ( ps), superior arcuate (sar), lateral fissure (lf), and central sulcus (cs). According to Paxinos et al. (2000) . Right panel: DT in vivo tracing of contralateral projections in a human case (HC02) seeded from n caudatus (red) and putamen (blue) in serial slices from anterior (A) to posterior (D). In A, streamlines mainly from caudate to (anterior) superior frontal gyrus, presumably area 9 (Sallet et al. 2013 ). In B, streamlines from caudate and putamen to ( posterior) superior frontal gyrus, presumably premotor area PMd (Sallet et al. 2013 ). In C, streamlines from putamen to paracentral lobule and precentral gyrus, presumably area 4. In D, notice absence of streamlines to postcentral gyrus. Superior frontal sulcus (sfs), intermediate frontal sulcus (imfs), inferior frontal sulcus (ifs), central sulcus (ce), postcentral gyrus (PoG), and postcentral sulcus ( pocs) lateral fissure (lf ). Nomenclature according to Mai et al. (2008). prefrontal and motor cortex and of 13 ms for the parietal cortex. These values are in agreement with electrophysiological estimates (Tomasi et al. 2012) , including an assessment (12.1 ms) of contra-ipsi P100 latency at parietal locations (Westerhausen et al. 2006) . On this issue, Marzi (2010) wrote: "This discrepancy has been widely discussed but a parsimonious explanation is that behavioral reaction time by definition represents the ultimate event of a process which, on every trial through a horse-race mechanism selects the fastest response. In neurophysiological terms, this means that reaction time reflects the shortest and quickest circuit, presumably made up by large myelinated axons, which subserve the speeded behavioral response." The present data offer an alternative explanation. The uncrossed and crossed conditions in Poffenberger's paradigm probably use the cortico-striatal rather that the cortico-cortical interhemispheric route. It is indeed likely that the highly automated response required in that paradigm may be mediated by cortico-striatal rather than by cortico-cortical routes. The areas strongly activated in the crossed condition of Poffenberger's paradigm, prefrontal, dorsal premotor, and superior parietal are also those which give raise to crossed cortico-striatal projections in humans (below; Iacoboni and Zaidel 2004) .
We have calculated the delays generated in the ipsilateral and contralateral cortico-striatal projection from area 9 in humans by taking into account an increase in axon diameters in the order of 30% (compatible with macaque-human comparative data Figure 7 . Cortical projections to contralateral striatum cross in the isthmus and anterior splenium in humans, not in monkeys. DT in vivo (human cases) and ex vivo (monkeys) tracing of contralateral projections in sagittal views of the CC. In humans, red streamlines are from left caudate and blue streamlines from left putamen. In monkeys, red is from left caudate, yellow from left putamen. Notice the rough topography of the projection in humans, with streamlines from caudate predominantly rostral, and from putamen, caudal; less clear segregation in the monkeys. Notice also that the projections extend to the isthmus of the CC and anterior splenium in humans, not in monkeys. (Caminiti et al. 2009 )) and of conduction distance proportional to the cubic route of brain volumes. The ipsi-and contra-calculated values thus obtained in humans are 6.6 and 9.9 ms ( Table 2 ). The difference of 3.3 ms falls exactly within the range of those measured by Poffenberger's paradigm.
DT Topography
A previous study using retrograde transport in the squirrel monkey (Jones et al. 1977) identified neurons projecting to the contralateral striatum in the superficial part of layer V, in frontal areas 8, 6, and 4, but the projection stopped in somatosensory areas. This distribution is compatible with what we observed with the anatomical tracing.
DT confirmed the trajectory of the tracer labeled axons and the cortical origin of the projections in the monkey, although a few streamlines reach 3a and 3b. With both techniques, we find evidence of a rough rostro-caudal topography in the striatum similar to that documented in the ipsilateral projections (Jarbo and Verstynen 2015) . As revealed with the tracer, the contralateral cortico-strial projections includes a relatively sparse set of axons. The question is how reliably can a sparse set of axons be identified with DT from low-resolution MR images (i.e., isotropic 0.5 mm 3 voxel). DT identifies brain connections by using mathematical streamlines that from a seed region draws a connection in steps by following the directionality of voxel-wise maximal anisotropy of water diffusion formed by tissue density, that is, bundles of axons. In contrast to tracers visualizing the full projection of specific axons, DT provides a mathematical representation of brain connectivity where the likelihood for the existence of brain connections traditionally is related to the number of streamlines. However, many challenges exist to obtain reliable DT results in both the data acquisition (e.g., image resolution, b value, number of diffusion encoding directions) and processing steps (e.g., the choice of fiber reconstruction model, tracking strategy used, etc.). How to disentangle the false positives that superior temporal gyrus (STG). Nomenclature according to Mai et al. (2008) . Notice that posteriorly abundant streamlines from putamen, crossing through the isthmus of CC, also reach the superior parietal lobule.
also can appear with high likelihood is a widely recognized challenge Jbabdi et al. 2015; Knösche et al. 2015; Azadbakht et al. 2016) . Because of the significantly reduced fraction of streamlines in contralateral-compared with ipsilateral corticostriatal connections, our DT findings may appear speculative. Fortunately, we have shown that diffusion MRI is sensitive to even a small fraction of anisotropic diffusion. Using a similar ex vivo setup, but on the spinal cord of monkey, we demonstrated that the anisotropic diffusion signal formed by the small fraction of axonal collaterals in the dense white matter could be detected with simple DT (Lundell et al. 2011) . Finally, although the fact that tractography produces robust results across subjects do not guarantee the validity of the findings (Dyrby et al. 2007) , the consistency of results obtained with tracing and DT encouraged extending the study to the in vivo human brain. Three DT findings point to the existence of possible species differences in the projection, although individual differences cannot be ruled out. First, there appears to be a crossed projection from the contralateral somatosensory areas 1 and 2 in the vervet monkey, not in the macaque. Also, in humans, a projection from the dorsal part of the postcentral gyrus seems to exist at the border with the superior parietal lobule. A crossed projection from somatosensory cortex was described in mice (Reig and Silberberg 2014) . Second, in humans, the projection crossing in the genu and trunk of the CC is restricted to the dorsal cortex above the Sylvian sulcus. Not so in the macaque nor in the vervet monkey where some streamlines extended below the Sylvian sulcus and into the temporal cortex.
Third, a far more robust finding is that in all human cases some axons cross through the isthmus of CC and the anterior portion of the splenium. These streamlines reach the superior parietal lobule, the supramarginal gyrus, and the superior temporal gyrus, areas involved in language, including speech production (for data and references, see Hartwigsen et al. 2010; Friederici 2011; Geranmayeh et al. 2014; Kamali et al. 2014) while lesion of the isthmus itself cause dissociation of syntax and prosody (Friederici 2011) . It is appealing to speculate that this projection might be unique to humans because specifically involved in language. Differences between the human and nonhuman primates can be expected considering that there are additional human-specific traits (Clowry et al. 2010 ) and many molecular and cellular differences even between close relatives such as chimpanzees and humans (Geschwind and Rakic 2013) . In particular, other connectional differences between the human and the monkey brains are beginning to emerge. Rilling et al. (2008) described an enhanced frontotemporal component of the arcuate fasciculus in humans, possibly related to language functions. Neggers et al. (2015) described more extensive overlap between eye field and M1 projections to the striatum in humans than in monkey.
Cortical connectivity, in particular callosal connectivity, is exuberant (i.e., more diffuse) in early development (reviewed in Innocenti and Price 2005), a concept that specifically applies to primates where exuberant projections were described in several structures, notably the corpus callosum (Chalupa and Killackey 1989; LaMantia and Rakic 1990) . The existence of differences between monkeys and humans such as those mentioned above seems to indicate that the sculpting out of the initially exuberant, juvenile callosal connections undergoes species-specific regulation in development, apparently attuned to the emergence of language.
Supplementary Material
Supplementary material can be found at: http://www.cercor. oxfordjournals.org/. 
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